Nod1 is an intracellular protein that is involved in recognition of bacterial molecules and whose genetic variation has been linked to several inflammatory diseases. Previous studies suggested that the recognition core of Nod1-stimulatory molecules is γ-D-glutamyl-mesodiaminopimelic acid (iE-DAP), but the identity of the major Nod1-stimulatory molecule produced by bacteria remains unknown. Here we show that bacteria produce lipophilic molecules capable of stimulating Nod1. Analysis of synthetic compounds revealed stereoselectivity of the DAP residue and that conjugation of lipophilic acyl residues specifically enhances the Nod1-stimulatory activity of the core iE-DAP. Furthermore, we demonstrate that lipophilic molecules induce and/or enhance the secretion of innate immune mediators from primary mouse mesothelial cells and human monocytic MonoMac6 cells and this effect is mediated through Nod1. These results provide insight into the mechanism of immune recognition via Nod1 which might be useful in design and testing of novel immunoregulators.
The innate immune receptors recognize specific molecules that are commonly found in microbes and induce host defense responses to eliminate invading pathogens (1) . These pathogen-recognizing receptors (PRRs) include membrane-bound Toll-like receptors (TLRs) as well as cytosolic Nod-like receptors (NLRs) and RIG-I family proteins. These three classes of PRRs regulate innate and acquired immune responses by inducing intracellular signaling pathways that lead to the activation of p38, JNK, ERKs, caspase-1, and transcription factors including NF-κB and/or IRFs (1) .
Nod1 is the founding member of the NLR protein family that contains nucleotideoligomerization domain (NOD) and ligandrecognizing leucine-rich repeats (LRRs). This family is comprised of more than 20 members including Nod2, cryopyrin, Ipaf, NAIP, NALP1 (1, 2) . Genetic studies have revealed that variations of the NOD1 gene are associated with susceptibility to several human disorders including allergic diseases (3-5), Crohn's disease (6) and sarcoidosis (7) , although the mechanism underlying these disease associations remains poorly understood. Whereas Nod2 recognizes the muramyl dipeptide (MDP) structure in bacterial peptidoglycan (PGN)-related molecules, Nod1 senses the essential iE-DAP dipeptide which is uniquely found in PGN of all Gram-negative and certain Gram-positive bacteria (8) (9) (10) (11) (12) . Previous studies suggested the involvement of Nod1 in the recognition of numerous bacteria including Helicobacter pylori (13, 14) , Listeria monocytogenes (15, 16) , Shigella flexneri (17) , several Bacillus species (18) and Propionibacterium acnes (7) . Although the iE-DAP structure is found in the insoluble fraction of intact PGN, intermediates of PGN synthesis and cleaved PGN products produced during bacterial growth and PGN recycling (11, 19) , the identity of the major Nod1 stimulatory molecule (s) remains unknown (18) . Previous studies have shown that several iE-DAP-containing molecules including iE-DAP, D-Ala-γ-Glu-meso-DAP (A-iE-DAP) and
GlcNAc-anhMurNAc-D-Ala-γ-Glu-meso-DAP, but not intact macromolecular PGN, stimulate Nod1 (8) . However, mutational analyses have shown that genes which are essential for the synthesis of these small molecules are dispensable for the production of Nod1-stimulatory activity in bacterial extracts (18) . Moreover, the Nod1-stimulatory activity present in bacteria producing DAP-type PGN varies widely among bacterial species (18) . These observations strongly suggest that bacteria possess unidentified Nod1-stimulatory molecules.
Here we showed that bacteria produce water-insoluble and methanol-soluble Nod1 stimulatory activity. Further analysis revealed that purified lipophilic iE-DAP-containing molecules possess both Nod1-and Nod2-stimulatory activity. Using synthetic lipophilic compounds, we show that the conjugation of lipophilic acyl residues enhances the activity of Nod1-stimulatory molecules and a preference of acyl residues for this enhanced activity. Furthermore, we demonstrate that lipophilic molecules induce and/or enhance the secretion of innate immune mediators from mesothelial cells and monocytic MonoMac6 cells.
EXPERIMENTAL PROCEDURES
Ligand compounds, plasmids, and culture cells Synthetic compounds, iE-DAP, A-iE-DAP, iQ-DAP, A-iQ-DAP, MDP, MTP, acyl MDP, acyl MTP, sBLP (Pam3-Cys-OH), TNFα and IL-1β have been described (18) . E. coli O55:B5 LPS was purchased from Sigma-Aldrich (St. Louis, MO). The LPS preparation was free of contamination with Nod1-and Nod2-stimulatory activity as detected by the HEK293T bioassay as described (20) . Lipid I and II were purified as described (21) . pCMV-SPORT6-hNod1, pMX2-HA-Nod2, pcDNA3-MD2-Flag and pcDNA3-TLR4-Flag have been described (18) . Human MonoMac6 cells and embryonic kidney (HEK) 293T were cultured in RPMI 1640 and Dulbecco's modified Eagle media (DMEM), respectively, containing 10 % heat-inactivated fetal calf serum and 100 units/ml penicillin and 100 µg/ml streptomycin (all culture reagents from Invitrogen) as described (22).
Preparation of bacterial extracts
E. coli K-12 were aerobically cultured with liquid L-broth medium for 16 hrs at 30 °C. Bacterial cells were precipitated at 2600 x g for 30 min and suspended in water. After precipitation by centrifugation, bacteria were resuspended in water and killed by heating at 98 °C for 30 min. Water soluble and insoluble fractions of bacterial extracts were obtained by centrifugation at 13,000 x g for 30 min at 4 °C. The water insoluble fraction was further washed with water five times by repeating suspension and centrifugation of the pellet, and resuspended in water. The hydrophobic molecules in the water insoluble fractions were extracted with water/methanol/chloroform (1:3:2 v/v) followed by removal of bacterial components by centrifugation at 3,500 rpm 10 min at 4 ºC. After the supernatant was dried, the pellet was resuspended in water and centrifuged at 13,000 x g for 30 min at 4 ºC. The pellet was washed with water twice and resuspended with water/methanol/chloroform (1:3:2 v/v) and dried. The pellet was washed with water and dried again, and dissolved with dimethyl sulfoxide to obtain the lipophilic molecule fraction. All fractions were stored at -20 °C until Nod1-and Nod2-stimulatory activity bioassay.
Synthesis four stereoisomeric DAPs
The synthetic process of stereoisomeric iE-DAPs is summarized in Figure 1 . Four γ-D-Glu-DAP (iE-DAP) stereoisomers, iE-(2R,6R)-DAP (1a), iE-(2R,6S)-DAP (1b), iE-(2S,6R)-DAP (1c), and iE-(2S,6S)-DAP (1d) were synthesized without enzymatic process. The DAP residue in compound 1c has the natural (2S,6R) configuration (Lconfiguration at C-2 and D-configuration at C-6). Dibenzyl N 2 -benzyloxycarbonyl-N 6 -tbutoxycarbonyl-2,6-diaminopimelate 3 was synthesized from meso-and racemic mixture of DAP 2 to be subjected to the chiral HPLC separation (Figure 1) . We obtained the four isomers, fr. 11 Its antipode 4c derived from 3d was (2S,6S)-form, whereas DAP 4b derived from 3b and 3c was meso-form. The configuration of 3b(fr.2) and 3c (fr.3) were determined by derivatization to known compound dimethyl (2R,6S)-
The optical rotations showed that configuration of 5b derived from 3b was (2R,6S) and that of 5c derived from 3c was (2S,6R). Synthesis of the acylated iE-DAP library Acyl groups were introduced to the glutamic acid residue of iE-DAP. Carpryloyl (
4-fluorobenzoyl, tetrahydropyranoyl, and 3-(4-aminocyclohexyl)-propionyl groups were used ( Table 1) . As depicted in Figure 2 , we used 2-chlorotrityl resin for the solid phase synthesis. Selective monoalkylation of dibenzyl-2,6-diaminopimelate 8 with 2-chlorotrityl resin 9 was effected by the use of excess amount of 8 (2 eq. of loading capacity of the resin) in the presence of triethylamine in CH 2 Cl 2 . Fmoc-D-Glu-OBn 11 was subsequently introduced to the remaining free amino group using diisopropylcarbodiimide (DIC) and 1-hydroxybenzotriazole hydrate (HOBt) in DMF to give compound 12. Deprotection of Fmoc group with piperidine, and acyl groups were then introduced to the amino group of the glutamic acid residue using the acid chloride 13a~j and triethylamine in CH 2 Cl 2 to give the corresponding acylated compound 14a~j as shown in Figure 2 . The obtained compounds were cleaved from the resin with 10% trifluoroacetic acid (TFA) in CH 2 Cl 2 , and the liberated amino group was protected with Boc group using (Boc) 2 O in CH 2 Cl 2 for purification to give 16a~j. The compounds 16a~j were hydrogenolysed with H 2 by using Pd(OH) 2 in acetic acid to remove benzyl groups. In this reaction, the terminal phenyl group of biphenyl (16j), furanyl group (16h) and 4-nitro-stylyl group (16j) were also reduced. Subsequent acidic cleavage of Boc group with TFA gave a series of N-acyl-iE-DAP derivatives 18a~j.
HEK293T bioassay for specific pathogen receptors
Ligand-dependent NF-κB activation was determined using 0.5 x 10 5 HEK293T cells transfected with expression plasmids of Nod1 (0.17 ng pCMV-SPORT6-Nod1), Nod2 (33 ng pMX2-HA-Nod2), or TLR4 (1.7 ng pcDNA3-TLR4-Flag) and MD2 (1.7 ng pcDNA3-MD2-Flag) in the presence of reporter plasmids, NF-κB dependent pBxIV-luc, control pEF1BOS-β-gal as described (18) . Briefly, HEK293T cells were transfected with expression plasmids by calcium phosphate method and 8 hr post-transfection cells were treated with medium containing various ligands or bacterial products. 24 hr post-transfection, ligand-dependent NF-κB activation was determined by the luciferase reporter assay.
Stimulation of mesothelial cells. 8 week-old wild-type (WT) and Nod1
-/-mice in BALB/c background were maintained at the University of Michigan Animal Facility. Mesothelial cells were prepared from WT and Nod1 -/-mice as described (18) . 2x10 4 mesothelial cells were treated with indicated stimuli for 24 hr. 24hr post-stimulation, the levels of MCP-1 (A and B) and KC (C and D) in the medium were determined by ELISA. The mouse studies were approved by the University of Michigan Committee on Use and Care of Animals.
RESULTS AND DISCUSSION
Lipophilic PGN-related molecules from E. coli stimulate Nod1 and Nod2.
Previous studies demonstrated that Nod1-and Nod2-stimulatory activities were found in soluble PGN-related molecules but not in the intact and insoluble PGN fraction (8) (9) (10) (11) (12) . This suggests that the solubility of the bacterial molecule (s) might be important for its ability to stimulate Nod1 and Nod2. To test this possibility, we determined the ability of watersoluble and insoluble fractions isolated from E. coli K-12 to stimulate Nod1 and Nod2 using the HEK293T bioassay developed in our previous studies (8, 20) . Surprisingly, we found that the water-insoluble fraction also possessed Nod1-and Nod2-stimulatory activity (Fig. 3A) . However, the stimulatory activity of the insoluble fraction was methanol-soluble and could be distinguished from that present in macromolecular PGN (Fig.  3B) . The latter observation suggested that membrane-bound molecules possess the ability to stimulate Nod1 and Nod2. During PGN synthesis, GlcNAc-MurNAc-pentapeptide, an intermediate component, is transferred from the cytosol to periplasmic space through a lipid I/II translocation system (21) . Lipids I and II are PGN synthesis intermediates which are composed of hydrophobic polyprenoyl residues linked with mono/disaccharide pentapeptide (19) . Lipids I and II contain both iE-DAP and MDP molecular motifs (19) , which are known to be the structural cores of Nod1-and Nod2-stimulatory molecules (8) (9) (10) (11) (12) ). Therefore, we tested the ability of Lipid I and II preparations to stimulate Nod1 and Nod2. As shown Figure 3C , we found that meso-DAPtype Lipid II stimulated Nod1 and Nod2, whereas Lys-type Lipid I stimulated Nod2 but not Nod1. The iE-DAP dependency of Nod1 stimulatory activity in Lipid I is consistent with the previous finding that Nod1 recognizes iE-DAP. L-Lys-type Lipid II which is synthesized from Lipid I and GlcNAc-UDP and contains a GlcNAc residue, lacked the ability to stimulate Nod2 (Fig. 3C ). This observation suggests that PGN-related molecules present in the periplasmic space and at the periplasmic surface of the inner membrane do not stimulate Nod2, which is consistent with the fact that the major Nod2-stimulatory activity is present in bacterial cell extracts but not in the supernatant of bacterial cultures (18) . Synthetic lipophilic iE-DAP-containing molecules stimulate Nod1. Soluble MurNAc pentapeptides lack ability to stimulate Nod1 or Nod2 (12) . Thus, the presence of Nod1-and Nod2-stimulatory activity in lipid I (bactoprenollinked MurNAc pentapeptides) suggested the possibility that lipophilic residues present in iE-DAP-containing molecules are important for their immunostimulatory activity. To determine the role of lipophilic residues, we synthesized the iE-DAPcontaining molecules with a variety of hydrophobic N-acyl residues and tested their efficiency to stimulate Nod1 and Nod2 (Fig. 4) . All acyl iE-DAP compounds specifically induced NF-κB activation in a Nod1-dependent manner.
These acyl iE-DAP molecules did not activate Nod2 or TLR4, indicating that the iE-DAP structure is the core motif of Nod1 recognition and that acylation does not affect ligand specificity and recognition ( Figure 4A) . As shown in figure 4B , further analysis showed that KF1A (N-carpryloyl (C 8 ) iE-DAP), KF1B (Nmyristoyl (C 14 ) iE-DAP), KF1C (N-stearoyl (C 18 ) iE-DAP) and KF1D (N-p-cyclohexanyl-benzoyl iE-DAP), exhibited higher ability to induce Nod1-dependent NF-κB activation than the original dipeptide iE-DAP as determined by the amount needed to achieve 50 % of maximum stimulation. This result suggests that hydrophobic acyl residues other than polyprenoyl possess the potential to enhance the Nod1-stimulatory activity of the iE-DAP core. In particular, the KF1B compound exhibited several hundred fold higher ability to stimulate Nod1 than the original iE-DAP. To further assess the role of acylation, we synthesized N-pentadecanoyl (C 15 ) and Npalmitoyl (C 16 ) iE-DAP, designated as KFC15 and KFC16, respectively. Both KFC15 and KFC16 possessed similar ability to stimulate Nod1 than KF1B ( Figure 4C ). The highly active Nod1-stimulatory compounds, KF1B (C 14 ), KFC15 (C 15 ), and KFC16 (C 16 ) contain similar or slightly shorter length in their fatty acid chains than phospholipids located in the host cell membrane. These results suggest that the enhanced ability of these acylated compounds to stimulate Nod1 could be explained, at least in part, by increased interaction with the cell membrane and transfer into the host cell.
These synthetic Nod1-stimulatory compounds contain mixtures of stereoisomeric DAP.
To determine the importance of stereomeric recognition of the ligand molecules by Nod1, the ability of four synthetic γ-D-Glu-DAP (iE-DAP) steroisomers, iE-(2R,6R)-DAP (DD), iE-(2R,6S)-DAP (DL, non-natural meso form), iE-(2S,6R)-DAP (LD, natural meso form), and iE-(2S,6S)-DAP (LL) were tested by the HEK293T bioassay. All stereoisomeric forms of iE-DAP induced Nod1-dependent NF-κB activation, whereas control DAP did not (Fig. 5A) . The iE-meso-DAP 1c (2S,6R) showed the most potent ability to induce Nod1-dependent NF-κB activation, whereas the other forms showed 10-10,000 fold lower ability to stimulate Nod1 than by guest on October 30, 2017 http://www.jbc.org/ Downloaded from iE-meso-DAP (Fig. 5A) . Although meso-DAP is most commonly found in bacterial PGN, several bacteria have DD-and LL-DAP (24), suggesting that bacteria containing non-meso-DAP-type PGN exhibit reduced ability to be sensed by host Nod1 and to elicit Nod1-dependent immune responses. In addition, the mixture of iE-DAP stereoisomers showed similar activity to iE-meso-DAP (Fig. 5A) . These results indicate that inactive iE-DAP derivatives do not influence the bioactivity of iEmeso-DAP. To determine if stereoisomeric DAP which poorly stimulate Nod1 possess the ability to function as a Nod1 antagonist, Nod1-expressing cells were stimulated with meso-DAP-type iE-DAP in the presence of excess non-meso-DAPtype iE-DAP molecules. As expected, the nonmeso-DAP-type iE-DAP molecules did not inhibit the Nod1-stimulatory activity of meso-type iE-DAP (Fig. 5B) . Therefore, the Nod1-stimulatory activity present in the mixtures of stereoisomerically different types of DAP primarily represent the immunostimulatory activity of meso-DAP-type molecules.
Cytokine secretion induced by acyl iE-DAP molecules.
To determine if the acyl Nod1 ligand compounds possess enhanced ability to stimulate endogenous Nod1, immune and nonimmune cells were incubated with the compounds and the levels of cytokines induced were determined by ELISA (Figs. 6 and 7 ). First, we tested the ability of the acyl iE-DAP compounds to enhance LPS-induced cytokine secretion from human monocytic MonoMac6 cells. We found that KF1B, KFC15 and KFC16 enhanced LPSinduced secretion of IL-6 and IL-1β from MonoMac6 ( Figure 6 ). This result is consistent with the Nod1-stimulatory activity detected in HEK293T cells expressing exogenous Nod1 (Fig.  4) . However, it was possible that the enhanced ability of these acyl compounds is due to stimulation of other host immune regulators or to enhance TLR4 signaling in MonoMac6 cells. To eliminate this possibility, we tested the ability of these acyl compounds to induce immune responses of mouse primary mesothelial cells, which secrete MCP-1 in a Nod1-dependent manner even in the absence of LPS (18, 22) . All N-acyl iE-DAP compounds which possess enhanced ability to induce NF-κB activation in Nod1-expressing HEK293T cells and to enhance LPS-induced cytokine secretion in MonMac6, showed higher induction of chemokine secretion from mesothelial cells isolated from wild-type mice ( Fig. 7 A and C) . Importantly, mesothelial cells from Nod1-deficient mice showed no significant MCP-1 secretion after stimulation with the acyl iE-DAP compounds, whereas control proinflammatory stimuli including LPS, sBLP, TNFα, and IL-1β induced similar levels of MCP-1 and KC (Fig. 7) . These results indicate that the higher ability of these acyl iE-DAP to induce immune responses is mediated through Nod1 stimulation.
The nature of the Nod1-and Nod2-stimulatory molecules produced by bacteria has remained controversial in that different laboratories have reported different activity for insoluble macromolecular PGN (8, 12) . These discordant results might be explained by our current finding that the water-insoluble fraction from bacteria contains hydrophobic Nod1-and Nod2-stimulatory molecules that can be separated by methanol extraction. Whereas muramyl pentapeptides do not stimulate Nod1 and Nod2 (12), we found that lipids I and II as well as acylated lipophilic disaccharide pentapeptides, stimulate Nod1 and/or Nod2. Although synthetic lipophilic PGN derivatives are known to possess higher immunostimulatory activity than natural PGN-related molecules (25), the molecular mechanism underlying their enhanced activity is unclear.
Because myristoyl (KF1B), pentadecanoyl (KFC15) and palmitoyl (KFC16) phospholipids naturally exist in host membrane lipids, the potent stimulatory ability exerted by lipophilic iE-DAP derivatives could be explained by increased translocation across the plasma membrane and delivery into the host cytosol. The mechanism is likely to involve the cellular machinery normally used for translocation of natural acylated phospholipids that include lipid flippases or related factors (26). This is the first demonstration that lipophilic muropeptides produced by bacteria exhibit immunostimulatory activity. Lipids I and II possess the activity to stimulate Nod1 and/or Nod2, although it is possible that other unknown bacterial molecules associated with membranes also possess Nod1-and Nod2-stimulatory activity. Previous studies suggested that the major Nod1 stimulatory activity is associated with bacterial by guest on October 30, 2017 http://www.jbc.org/ Downloaded from molecules that are synthesized by a mechanism that is independent of bacterial amidases and lytic glycosyl transferase (18) . Further biochemical analysis of Nod1-and Nod2-stimulatory molecules on bacterial membrane will address the question of whether molecules present in Lipid I and II are the major lipophilic Nod-stimulatory molecules.
Nod1 and Nod2 are soluble proteins that are primarily located in the host cytosol (2) . Therefore, our studies raise the question of how membrane-associated lipophilic Nod1-and Nod2-stimulatory molecules present in bacteria are recognized by Nod1 and Nod2. Endogenous Nod2 has been to be associated with both cytosolic and membrane fractions and the latter has been reported to be critical for Nod2 activation and signaling (27). Therefore, Nod1 and Nod2 might be involved in the recognition of lipophilic stimulatory molecules on host membranes. Whereas Nod2 is expressed by several phagocytic cells including monocytes, granulocytes and dendritic cells (28,29), Nod1 is mainly expressed by non-phagocytotic epithelial cells (22,30). Because the polypronoyl residue of lipids I and II is too large to undergo spontaneous flip-flap translocation, the primary site of interaction between Nod1 and lipophilic stimulatory molecules produced by bacteria is unclear and needs to be determined.
Previous studies demonstrated that the major Nod1-stimulatory activity is secreted during bacterial growth whereas that responsible for Nod2-stimulatory activity is primarily associated with the bacterial cell (18) . Our identification of lipophilic Nod1-and Nod2-activating molecules produced by bacteria might explain the high stimulatory activity of these bacterial associated fractions. The role of each Nod-stimulatory molecule is still unclear. Soluble PGN fragments are known to be rapidly degraded by host Nacetylmuramyl-L-alanine amidase and eliminated into the urine (31). However, the rate of metabolic turnover of lipophilic Nod-stimulatory molecules including lipids I and II by the host is unknown and this might be important for the induction and regulation of the immune response against bacteria. Comparison of the immunomodulatory activity and turnover of soluble and lipophilic Nod1-stimulatory molecules in vivo should provide insight into the role of these molecules in host/bacteria interactions. A, Nod1-, Nod2 and TLR4/MD2-dependent NF-κB activation induced by acyl iE-DAP compounds (KF1A, KF1B, KF1C, KF1D, KF1E, KF3B, KF3C) and iE-DAP was determined by luciferase reporter assay using cells incubated with 50 ng/ml of each ligand except 2.5 ng/ml for KF1B. Twenty-four hour post-transfection, NF-κB-dependent transcription activity was determined. The results shown are given as mean ± SD of triplicate cultures and are representative of three experiments. The levels of NF-κB-dependent transcription activity in cells transfected with the Nod1, Nod2 and TLR4/MD2 expression plasmids without ligands were 1.1, 2.5 and 3.5 fold higher than that in those transfected with control vector, respectively, and is given as 1. B and C, Ability of acyl iE-DAP compounds (KF1A, KF 1B, KF 1C, KF 1D, KF 1E, KF 3B, KF 3C in panel B, KFC15, KFC16 in panel C) and iE-DAP to stimulate Nod1 was performed as in panel A. The results shown are given as mean ± SD of triplicate cultures and are representative of three experiments. The level of NF-κB-dependent transcription activity in cells transfected with the Nod1 expression plasmid without ligands was 1.1 fold higher than that induced in reporter cells transfected with control plasmid which is given as 1. 
